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ABSTRACT   
 
Ship motions with water impact have been extensively devoted to solve 
toward viable solution by using a lot of techniques. This study deals 
with a design tool using CFD and criteria for a ship structure with 
elasticity under impact pressure loads due to slamming, green water 
and sloshing in waves. In this study, our numerical model which 
combines an Eulerian scheme with Lagrangian particles has been 
enhanced directly for predicting nonlinear hydroelastic and 
hydrodynamic effects on a floating body in waves. The proposed model 
can treat and solve simultaneously both nonlinear fluid and floating 
body motions with elasticity. Firstly, the enhanced numerical model 
was performed on a water entry problem of a rectangular body with 
elasticity to verify accuracy and usefulness of our numerical model. 
The computed strain and stress caused by nonlinear hydroelastic during 
water entry process were in good agreement with experimental results. 
Next, the proposed model has been applied to hydroelastic response 
caused by ship slamming in waves. 
 
KEY WORDS: Water impact; ship slamming; hydroelasticity; grid 
based method; particle based method  
 
 
INTRODUCTION 
 
A ship as massive sea transportation is not really a rigid body. When 
hydrodynamic loads due to slamming occur on a time scale of 
important structural periods, hydroelasticity should be considered. This 
is reasonable that it can suffer impact pressure and vibration 
influencing ship performance, ship structure and passenger comfort 
caused by strongly interaction wave-ship. Therefore, wave induced 
hydrodynamic and hydroelastic response on a ship body has to be 
important consideration and requirement in a ship design to guarantee a 
ship navigation at sea. 
The developments of Computational Fluid Dynamics (CFD) 
techniques to predict accurately hydrodynamic and hydroelastic effects 
on floating bodies need tremendous efforts. These are indicated that 
some numerical approaches and experimental works for prediction of 
water impact with free surface flows in various forms and techniques, 
by beginning with the research results of von Karman (1929) and 
Wagner (1932), have been investigated e.g. a series of photographs of 
cylinder’s entry to and exit from water surface and time dependent 
water entry for wedges of various angles with both gravity and non-
linear boundary conditions (Greenhow and Lin, 1983; Greenhow, 1987), 
Experiment with the impact of surface planes on still water and 
identification of the entrained air effect between free surface and the 
body (Chuang, 1967), a comparison of the maximum impact pressure 
of a symmetrical wedge between experimental data and several 
numerical results (Engle and Lewis, 2003), and slamming loads on two-
dimensional symmetric section based on Boundary Element Method 
and extension method to general asymmetric bodies and comparison 
validation with experiment of a wedge and a bow flare section  (Zhao 
and Faltinsen,1993; Zhao et al., 1997). The effect of flow separation for 
axisymetric impact was also investigated by Zhao and Faltinsen (1998). 
However, all numerical investigations presented that the fluid has 
irrotational and inviscid flow and these cannot adequately handle flow 
with water impact involving plugging waves and air bubbles. 
Moreover, several numerical methods which governed the Navier-
Stokes equation with free surface capturing have been presented; the 
application of a volume of fluid method (VOF)  for solving two-density 
fluid (Ng and Kot, 1992; Hirt and Nichols, 1981), numerical study of 
water impact on cylindrical shell and a bow flare section using a Euler 
equation and VOF method (Arai et al., 1994 and 1998), application to 
bow flare slamming by varying flare angles (Schumann, 1998), 
numerical results of water entry of a wedges, a cylinder and a cone into 
calm water using VOF method with a local height function (Kleefsman 
et al., 2005), water entry problems solved by using Smoothed Particle 
Hydrodynamic (SPH) method (Gingold and Monaghan, 1977; Landrini 
et al., 2001; Oger et al., 2006). Deuff et al. (2006) proposed the coupled 
SPH-SPH fluid structure scheme and also applied to the water entry of 
a V-shaped wedge for investigating hydrodynamic impact. However, 
the hydroelastic effects caused by trapped air, air cushion and water 
flow response on an elastic body are phenomena that are difficult to 
solve more clearly. Therefore, hydroelastic effects caused by 
interaction fluid-structure cannot be neglected because structures have a 
response with respect to water behaviors, vice versa. 
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 In applications to ship slamming, some researchers have predicted 
and clarified slamming behaviors on a ship more extensively. The term 
of hydroelasticity was stated clearly by Faltinsen (1997 and 1998). The 
hydroelastic formulation and model slamming was investigated by 
Bereznitski et al. using numerical model (2001a, 2001b, 2001), Tajima 
and Yabe (1999) was simulated a vessel slamming by using CIP 
method. Kvalsvold et al. (1995) studied wave impact on elastic beams. 
Then, Faltinsen (1999) presented water entry of a wedge by 
hydroelastic orthotropic plate theory and an approximate three-
dimensional theoretical investigation of hydroelastic wetdeck slamming, 
and also presented a theoretical study of representing the wetdeck as a 
beam model and accounting for dynamic hydroelastic effects (Faltinsen 
et al., 1997, Faltinsen, 2001, Bereznitski et al., 2000). Although there 
are several simulation tools that can predict water impact due to 
strongly nonlinear wave-body interactions, yet there are several 
remaining difficulties in calculating water impact associated with 
highly nonlinear free surface, and also its accuracy is currently 
confined in reproducing and validating. 
In our previous works, our numerical method was applied 
successfully and accurately to seakeeping performace and resistance in 
calm water and nonlinear waves with breaking for several kinds of ship 
types and Froude numbers. In recent work using our numerical method, 
a coupled Eulerian scheme with Lagrangian particles (Mutsuda et al., 
2007, 2008, 2009a, 2009b, 2010) which combines CIP method (Yabe 
and Wang, 1991) and SPH method (Gingold and Monaghan, 1977), has 
been developed continually to verify its usefulness in a design process 
to predict impact pressure with free surface flow caused by nonlinear 
interaction between wave and ship motions. The model has two kinds 
of Lagrangian particles, i.e. SPH and free surface particle, on Eulerian 
grids to correct interface tracking error. The two types of Lagrange 
particles are collocated and attracted with highly accurate captured free 
surface under resolved region with Eulerian grids. Interaction between 
movable and a deformable ship body with fluid flows, as fluid-structure 
interaction problems, is solved by acceleration obtained from the 
pressure on the SPH particles interpolated using pressure on grids. 
Then, the internal stress and strain are induced in a ship body caused by 
impact pressure and the elastic movement. Using SPH particles which 
represent a ship body, the internal stress and strain can be captured 
clearly as well.  
  In this study, the developed numerical method has been performed 
firstly on application to the water entry problems of a rectangular body 
with elasticity to verify and validate its accuracy and usefulness. Then, 
it has been applied to hydroelasticity, internal stress and strain response 
due to impact pressure caused by a ship slamming in waves. Finally, we 
conclude that the present model is a powerful tool to be capable of 
computing a strongly nonlinear hydroelastic response between wave and a 
ship. 
 
 
COMPUTATIONAL METHOD 
 
In this section, the numerical method, which combines the Eulerian 
scheme and the Lagrangian particles by coupling the SPH method and 
CIP method with particle, are described concisely. More detail 
explanations were stated in the previous publication (Baso et al., 2010). 
First, the CIP method with particles is introduced as a numerical 
scheme that combines the accuracy of Lagragian front tracking. 
Thereafter, the SPH method is employed to calculate deformation, 
strain, stress of elastic body, and 3D motion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Illustration of the proposed model ( indicates density function; 
Lagrangian particles are located on Eulerian grid) 
 
Eulerian Scheme with Lagrangian Particles 
 
Arrangement of grids and particles 
 
The developed Eulerian scheme with Lagrangian particles has been 
illustrated as shown in Fig.1. This scheme uses a staggered grid system 
and has two types of Lagrange particles, i.e. SPH particles to describe 
solid and free surface particles to capture free surface accurately. 
Density function defined on a grid node is corrected by using 
density function P on free surface particles within referenced area with 
radius h. A smooth approximation of a density function can be 
constructed by using a Kernel function in the SPH method. 
 
Governing equations for fluid phase 
 
The governing equations for fluid phase consist of the mass 
conservation equation, incompressible Navier-Stokes equation and the 
equation of continuity, I-phase density function ≤  ≤ 1) and its 
advection equation. The equations are expressed as follows: 
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where, ui is the velocity, μ the coefficient of fluid viscosity, ρ  the fluid 
density, P the pressure, Ffsi  the fluid-structure interaction,    the 
acceleration due to garvity,  ij the SGS stress term, and   the density 
function. To reduce model parameters, the SGS stress term is solved by 
using the Dynamic SGS model proposed by Germano(1992). More 
details are provided by Mutsuda and Yasuda (2000).  
 
Advection step and non-advection step 
 
The governing equations are solved by using the splitting method 
which is suitable for solving a multi-phase flow without smearing a 
density across interface between air and water. The advection step is 
calculated by the CIP method proposed by Takewaki and Yabe (1987). 
Then, the Type-M scheme of the CIP method is employed by using the 
third-order accuracy in time and space (Yabe et al., 2004). On the other 
hand, the non-advection step is solved by using the second-order finite 
difference method. 
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 Governing equations for Solid phase 
 
The governing equations for solid phase are the continuity and 
momentum equations as follows: 
 
           
  
  
  
   
   
                                                                                         
             
   
  
 
    
   
                                                                                    
 
where   is the density, u
i  the velocity, jx  the position vector of 
vector j components, ij the stress tensor of the solid phase, and Ffsi  
the fluid structure interaction term. The stress tensor ijs  in Eq.(5) is 
given by 
 
 
 
where ijS is the deviatoric stress tensor, 3/kkP   the pressure 
solved by the Poisson's equation (9) as mentioned below. 
Our numerical model considers a large deformation of an 
elastoplastic body. The solid body changes at every calculation step by 
using the following equation: 
 
 
where epD  is the elastoplastic matrix, ijd  the time increment of the 
strain, and ijdS  the time increment of the deviatoric stress. To solve 
rotation of the solid phase during a deformation, the Jaumann 
derivative is used to ensure material frame indifference with respect to 
the rotation as follow: 
 
 
 
 
where  is the strain rate tensor and Ω the spin tensor. Other details are 
given by Mutsuda et al. (2009a,b,c).  
The pressure with specified jump conditions is solved by the 
Poisson's equation given by 
 
 
 
 
where   denotes a physical value after the advection step. The pressure 
for solid phase can be obtained by this equation and be applied in 
solving a solid deformation.  
The fluid structure interaction Ffsi  is solved by acceleration obtained 
from the pressure on the SPH particles interpolated using the pressure 
on grids solved by the Poisson's equation (9). In the model, the fluid 
structure interaction Ffsi in Eqs.(2) and (5) can be given by the 
following equation:  
 
 
 
 
  To keep computational efficiency and stability, the time increment in 
the solid phase is approximately 1/10 to 1/50 of that in fluid phase.  
 
Ship Motion 
 
A ship motion is solved by using information obtained from SPH 
particles because a ship hull consists of SPH particles capturing motion 
and deformation of a ship. Therefore, the 3D motion of a ship hull is 
represented by describing translation and rotation of the center of 
gravity of a ship hull by using the following equations: 
 
           
      
   
 
    
  
                                                                                   
           
   
  
                                                                                                    
           
   
  
                                                                                                     
 
where iis the rotational angle, ithe angular velocity, Ti the torque, I 
the inertia moment, and Ffsi the fluid structure interaction. In addition, 
the center of gravity of a ship hull can be obtained by solving the inertia 
moment of SPH particles, and this is calculated by using Baraff theory 
(1997). Therefore, the coordinates of velocity of each SPH particle in 
every time step can be tracked by using the rotation matrix and the 
amount of the angle rotation of the center of gravity. The quaternion is 
also used instead of the rotation matrix R(t) in 3D to avoid the Gimbal 
lock phenomenon. 
 
 
RESULTS AND DISCUSSION 
 
Application to Water Entry Problem of Elastic body 
 
Experimental Set Up and Results 
 
Experimental work of a water entry test of elastic body has been 
performed in the wave tank of Hiroshima University. The purpose is to 
obtain water impact and hydroelastic response of a rectangular body 
with elasticity. Here, the experimental setup and device were 
determined and designed in the basis of the free fall as shown in Fig. 2. 
The elastic body at initial condition was supported by four-legs framed 
structure. The pressure, stress and strain are measured by using piezo-
electric sensors located on the bottom frame of the elastic body and 
linked to PC. High speed digital video camera was also placed to 
visualize the body’s motion and to capture the free surface with 
splashing to analyze using PTV and PIV techniques. 
  The water impact and the elastic response acting on a rectangular 
body with a different Young's modulus are measured in water entry 
experiments. One example of the rectangular model we have used is 
shown in Fig.3.  S1 to S3 means measurement positions of strain. P1 to 
P3 indicates locations of piezoelectric sensors. 
 
 
 
 
 
Fig. 2 Experimental setup for water entry problem of elastic body 
(V0 : Entry speed, : Deadrise angle) 
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Fig. 3  Experimental model of elastic rectangular structure. The 
strain gauges S1～S3 and pressure sensors P1～P3 are located on 
the lower frame of the model. 
 
    
The elastic models are made of aluminum and acrylic with Young's 
modulus 6.9x108 Nm-2 and 3.14x108 Nm-2, respectively. The raging 
deadrise angles  between still water level and the bottom frame of 
the elastic body were set from zero to 45 degree as shown in Fig. 2.    
   The dimensions of the elastic models are 8x8x8cm for aluminum 
type and 20x20x20cm for the acrylic type, and the thickness is 2mm 
and 5mm, respectively. The dropping speed was 2.8m/s above the 
free surface. 
   To investigate relationship between impulsive pressure and 
deformation of the elastic body, we focused on the acrylic type. The 
experimental result of impact pressure of the acrylic body was 
confirmed with experimental results conducted by Chuang as shown 
in Fig. 4. In Chuang’s experiment, the solid body was used. The 
non-dimensional maximum impact pressure P** is defined by 
standardized parameter concerning with the piezoelectric sensor. 
The P1 denoted by red dot is lower point, middle point P2 is blue 
dot, and upper point P3 is green dot as shown in the previous Fig3. 
The maximum pressure is increasing with decreasing the deadrise 
angle   and the impact pressure is suddenly dropping at nearby 
   . Tendency of the experimental results shows in consistency 
with the experimental results by Chuang’s data. In Fig. 5, the strain 
data is decreasing with increasing deadrise angle  . These figures 
mean that the impulsive pressure is not occurred at the small 
deadrise angle     while the maximum strain is increasing by the 
large bending moment caused by the impact pressure on the elastic 
body, especially at St.2. 
 
Validations  
 
The computational conditions in 2D were also similar with 
experimental conditions. Many SPH particles to represent the elastic 
rectangular body were used for obtaining information of pressure, 
stress and strain. In this case, the pressure, stress and strain points 
are defined into four components that are xx, xy, yx and yy 
components. 
 
            
 
Fig. 4 Relationship between maximum pressure and deadrise angle   
 
            
Fig. 5 Relationship between maximum strain and deadrise angle   
 
    
The grid size is 2mm and the radius of free surface particle is 
0.25mm.The total number of the free surface particle located near the 
free surface is 6,024.  The radius of the SPH particle on the elastic body 
is 0.25mm and the total number is 3,900 for the elastic body. These 
conditions are based on our previous numerical research to work well. 
Time increments are 5.0x10-4sec for liquid phase and 2.5x10-5sec for 
the elastic body. The density ratio between water and air is 800 and the 
viscosity ratio is 55 at the initial numerical condition. The numerical 
model based on multiphase flow formulation can compute directly air 
cushion effect and air-water interaction due to impact pressure. Young's 
modulus is 69GPa and Poisson’s ratio is 0.35 for elastic ship. 
   Figure 6 shows one example of time histories of computed strain and 
stress of the acrylic model in xx component for =2.5o. The xx 
component is measured at middle point S2 of the bottom frame of the 
body. From this figure, the computational result show fair proportional 
magnitude between stress and strain.  
   Figure 7, one example case with 15o, shows the comparison of 
time history of strain between computation and experiment at S1, S2 
and S3 on the bottom frame of the elastic body. From those figures, 
computational results have similar tendency with experimental results, 
and overall of computational results show satisfactory in good 
agreement with experimental results.  
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Fig. 6 Time history of computed internal strain and stress in xx 
component (2.5o) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Comparisons of time history of strain between computation and 
experiment (deadrise angle  
 
   Figure 8 shows relationship between the spatial distribution of 
internal strain of the elastic body and the impact pressure in water 
during the water entry process. The internal stress and strain are 
distributed, and the bottom frame of the elastic body is highly deformed  
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Fig. 8 Internal strain field in elastic body and pressure distribution 
under the free surface during water entry process (2.5o) 
 
 
at T=0.017, and it is returning gradually to original shape as shown at 
T=0.02. In the enlarged area, the computed water impact pressure is 
acting on the bottom frame and then the largely internal strain is 
occurred at this point. 
 
Application to Hydroelasticity of Ship Slamming in Waves 
 
In this section, hydrodynamic and hydroelastic effects on a ship with 
elasticity are investigated and this is emphasized to analyze slamming 
behaviors in waves. In order to investigate the hydrodynamic and 
hydroelastic effect, our numerical method is applied to ship slamming 
in heading regular wave and it is also verified and validated in impact 
pressure and internal strain on a ship with elasticity. 
   The incident wave height is ppw LH / =0.06 and the wave length is 
ppL/ =1.56, and then ten cases based on wave theory are performed 
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 in numerical water tank. 
 
 
 
Fig. 9 Location of measurement point of internal strain on elastic ship 
body 
 
 
 
 
Fig. 10 Snapshots of freely ship motion with hydroelastic behaviors in 
regular heading wave. 
  
 
 
Fig. 11 Internal strain field due to hydroelastic behavior of ship 
    
The periodic boundary in both upstream and downstream is imposed 
with wave velocity to reduce computational cost. The numerical results 
during four to six wave periods are used for analysis to avoid several 
disturbances due to reflection and diffraction wave. The ship speed is 
1.0m/sec at the initial condition. The heave and pitch motion are only 
considered and the other motions are fixed in this case. The grid size is 
0.01 ppL  and the radius of free surface particles is 0.005 ppL . The total 
number of the free surface particle located near the free surface is 
300,000. Its maximum number is one million for the case of long wave 
period. The radius of the SPH particle is 0.005 ppL  and the total 
number is 18,000 for the ship. These conditions are based on our 
previous numerical research to work well. Time increments are 10-4 sec 
for liquid phase and 10-5sec for ship, respectively. Fr  number and Re 
number normalized by the ship speed and length are 0.13 and 3.0x106. 
Young's modulus is 500GPa and Poisson's ratio is 0.3 for the elastic 
ship.  Then, the strain monitoring points represented by SPH particle 
are located at forward point near the ship bottom (1), centre point near 
midship (2), and back side of ship (3) as shown in Fig. 9.  
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Some snapshots of the freely ship motion with hydroelastic behaviors 
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 in waves are shown in Fig.10. Figures 11 shows internal strain 
distribution acting on each position of the ship based on Fig. 9. The 
internal strain distribution shows that the elastic ship is deformed by 
wave force. The repetition of the wave force influences the large 
variation in the spatial and temporal distribution of the internal strain. 
In addition, the water impact load effects on the localized large strain 
distribution. The high strain is occurred when the ship position is in the 
wave crest whereas negative strain is occurred when it is in the wave 
trough. 
   Fig. 12 shows time history of internal strain on three locations. The 
variation of time series can be found with the wave period (one sec), 
especially in both the front and back points. However, other 
components, and large strain fluctuations and wave phase can be seen 
locally different variations. Then, the combined forces and shock loads 
caused by the wave affect the hull twisted and deformed locally. 
 
 
CONCLUSIONS 
 
In this study, the hydrodynamic and hydroelastic effects on a floating 
body were studied numerically by using the Eulerian scheme with 
Lagrangian particles we have developed. Our numerical model has 
been developed to predict and clarify hydrodynamic and hydroelastic 
effects on floating bodies with free surface flows with wave breaking 
and splashing. The proposed model could treat and solve 
simultaneously both nonlinear fluid phenomena and floating body 
motions with elasticity. 
The water entry tests of rectangular bodies with elasticity were 
computed. The computed internal strain and stress were in good 
agreement with our experimental results. The time history of strain on 
the body was in good agreement with our experimental result. The 
model clarified the relationship between internal strain field of the body 
and impact pressure during water entry process. Furthermore, we have 
applied to ship motion with elasticity in waves.  The internal strain 
distribution on elastic ship due to slamming was shown in time and 
space. Therefore, our numerical can be used for predicting hydroelastic 
response on an elastic ship in nonlinear wave and to clarify ship 
slamming behaviors with elasticity in design and analysis field.  
In future work, our numerical model should be assessed 
quantitatively in both reproducibility and validation in ship deformation 
due to hydroelasticity and motions in waves to utilize as a ship design 
tool. 
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